Introduction
Status epilepticus (SE) is a common neurological emergency both in childhood and in adulthood. In the USA, it is estimated that more than 150,000 cases of SE occur [1, 2] . Significant morbidity and short-term mortality (20-40%) are key features, especially if the seizures are left unabated too long, calling for quick and aggressive treatments. Among the long-term neurological sequelae, epilepsy, cognitive, and behavioral alterations and more focal neurological deficits have been reported [2] [3] [4] . SE has been tradi-favorable experimental features, TCP has never been tested in non-human primates and has never been considered for clinical use, owing to its structural similarity to the drug of abuse phencyclidine, PCP. A promising noncompetitive NMDA antagonist, gacyclidine or GK-11 [41] , was also evaluated in NA-induced seizures and proved to be a good anticonvulsant and neuroprotective [42] [43] [44] [45] . Unfortunately, Ipsen-Beaufour Laboratories, current owner of the molecule, decided to stop the clinical development of the compound after it failed to significantly improve the outcome of brain and spinal cord injuries (the main clinical indications). The only NMDA antagonist that is licensed in humans as an injectable drug is ketamine. Ketamine (CI-581, 2-O-chlorophenyl-2-methylamino cyclohexanone) is an arylcyclohexylamine derivative that has a chemical structure close to that of PCP or TCP. It was synthesized in 1962 in the team of Professor Calvin Lee Stevens of Wayne State University and chemical consultant at Parke-Davis laboratories [46] . Due to the existence of a chiral center in the molecule, two enantiomers exist: the S (+) dextrogyre ketamine, a potent analgesic drug, and the R (À) levogyre ketamine that seems to be responsible for the unpleasant reactions observed during the emergence phase. Ketamine is not fully selective for NMDA receptors, and it displays other pharmacological effects ( [47, 48] , Mion and Villevieille in this special issue [49] ).
Ketamine hydrochloride is marketed as a short-acting, general anesthetic for human and veterinary use [48, [50] [51] [52] . It has been extensively used throughout the world since its introduction in clinical practice in 1965, soon after its synthesis in 1962. By many practitioners, ketamine is recognized to have an excellent medical safety profile although its psychodysleptic properties prevent some from using it.
Because of cardiovascular and respiratory favorable properties, ketamine quickly appeared to be an anesthetic of choice to induce anesthesia before intubation in trauma prehospital settings [50] , in the emergency department [53] (see also Marland et al. in this special issue [54] ), for military surgery [55, 56] or in other difficult conditions [57, 58] . Ketamine remains very useful as a general anesthetic in many clinical conditions, including shock, cardiac tamponade, or status asthmaticus, [59] or in burn patients [60] . A recent retrospective study in 40 patients revealed no adverse reaction during prehospital use [61] . At low doses, which will not be appropriate for the management of SE, ketamine is used for analgesia (for reviews see for instance [47, 62, 63] and Persson in this special issue [64] ) or for treating depression (for instance see Salvadore and Singh in this special issue [65] ). Unfortunately, ketamine has also quickly become a drug of abuse, already in the early 1970s, and this led to a reinforcement of regulations governing its use. Studies on the drug users interestingly stressed the safety margin of this compound. There are few deaths by pure ketamine overdose ( [66] , see also Corazza et al. in this special issue [67] ).
In this review, we will thus briefly present the current knowledge on the mechanisms of SE and the usual therapeutic course of action considered for the GCSE before focusing on the experimental and clinical evidences supporting the use of ketamine, either alone or in combination for the treatment of SE, especially when it becomes refractory to the other drugs. Ketamine is sometimes considered as an "anecdotal" drug, and this review will try to modify this view. In absence of randomized clinical trials (RCT), we will also give some indications of what would be needed in preclinical experiments.
From Isolated Seizures to Refractory Self-Sustaining Status Epilepticus General Features
It is generally accepted that an unbalance between excitation (e.g., glutamate) and inhibition (mainly gamma-aminobutyric acid, GABA) may lead to seizures, but the mechanisms accounting for SE are still very much unclear. The various mechanisms that could lead to a decrease in GABAergic inhibition during SE, such as receptor internalization, and other maladaptative changes have been recently reviewed [68, 69] and will not be described here. SE evolves in different stages and the last one is when it becomes self-sustaining (SSSE). Interestingly, the mechanisms that underlie SSSE appear not to be dependent on the original cause of the SE [70] . At about the same time, SE will acquire refractoriness to standard treatment, especially to benzodiazepines. Refractory SE (RSE) thus describes continuing SE despite adequate initial pharmacological treatment with first-and second-line anticonvulsant drugs (see Table 1 ). RSE occurs in up to 44% of all patients with SE (references in [5] ), in normal clinical situations. During prolonged SE, the motor and electroencephalographic (EEG) expression of seizures become less florid, yet the gravity remains: it is referred to subtle SE [6] .
During SE, many different changes will affect some physiological parameters, in the brain, other organs, and the circulation. Many of these changes may influence the outcome especially regarding the central nervous system injuries. During the first stage, among these changes, let us cite hyperthermia, increase in plasma catecholamines leading to generalized vasoconstriction and hypertension and to hyperglycemia, increased brain lactate, and decrease in intracellular pH. The cardiac output, heart rate, and the central venous pressure are raised. These compensatory mechanisms prevent cerebral damage in the first 30-60 min [1, 71, 72] . In seizures that are left unabated, cerebral auto-regulation is said to fail leading to hypoxia, hypoglycemia, increase in intracranial pressure (ICP), and cerebral edema [72] . This reported increase in ICP in clinics has not been studied in animals to the best of our knowledge, and the exact mechanisms involved are unclear. During soman-induced SE in awake rats, we could better characterize it and showed that it was not related to the arterial hypertension (unpublished results, G Testylier, K Billon, F Dorandeu. in preparation). Because hypotension occurs frequently later in subjects enduring SE [73] , the hypotension that may stem from the use of some anticonvulsants needs to be kept in mind.
The marked, rapidly developing acidosis associated with SE is potentially protective but may also influence the partitioning of drugs [71] although the transient opening of the blood brain barrier may also play an important role in their penetration.
A Special Case: Nerve Agent-Induced Seizures and SE
Organophosphorus compounds referred to as NA are the most dangerous chemical warfare agents known. They may be feared during combat situations as well as during terrorist attacks as exemplified by the events in Japan in 1994-1995. Among these agents, soman is considered a major threat, partly because of the difficulty in treating poisoning owing to a very rapid aging reaction. As the other NA, it acts as an irreversible acetylcholinesterase inhibitor. This inhibition induces an increase in the concentration of the neurotransmitter acetylcholine, which results in an over-stimulation of cholinergic receptors [29] . Symptoms include salivation, lacrimation, relaxation of sphincters, fasciculations, and bronchoconstriction as well as other respiratory disturbances [74] . Moreover, intoxications with high sublethal to lethal doses of soman cause convulsive seizures and SE. Like any other GCSE, NA-induced SE will be accompanied by seizure-related brain damage if full-blown seizures are left unabated. This may occur after only about 40 min in the most susceptible areas of the guinea pig brain [33, 75] . In animals that survive, lesions in the amygdala, piriform cortex, hippocampus, and thalamus can be observed [76] [77] [78] . Long-term neurological sequelae will include deficits (e.g., [79, 80] ) as well as probably recurrent seizures and epilepsy [81] [82] [83] .
We will not review here the hypotheses on the mechanisms of initiation and maintenance of seizures or for seizure-related brain damage. In the specific case of NA-induced seizures and SE, different reviews are available [29, [84] [85] [86] [87] . The cholinergic initial trigger (first 20 min of seizures) is particular to them, but the further implication of the excitatory amino acid glutamate is not specific. While the key players have been identified in the first three periods, leading to some avenues of therapeutic intervention [36] , the knowledge of the mechanisms involved beyond 60 min of continuous seizures is very limited. For instance, neurochemical changes or alterations of receptor density/trafficking after 90 min of seizures are essentially unknown even if recent investigations provided evidence that the densities of NMDA or AMPA receptors remained unchanged, in some regions of the brain, 2 h following exposure of pyridostigmine pretreated rats to 1 LD50 of soman [88, 89] . This gap in knowledge certainly precludes determining therapeutic options for NA-induced SSSE/RSE.
Disorganization and the operational constraints will certainly delay medical evacuation and medical diagnosis and management of SE. This will lead to a necessary, but extremely challenging, out-of-hospital management of SE, SSSE, or RSE. Given the recognition that treatment of SE should be initiated as soon as possible, there is a compelling need to have effective therapies that can be initiated in the out-of-hospital setting by first responders and frontline caregivers. In such a scenario, the drug should present some key properties such as 1/efficacy beyond 30 min of seizures (against lethality, seizures, and brain damage) when administered by any route including intramuscular (IM), intravenous (IV), intraosseous (IO), nasal (N), or buccal (B) routes and 2/a safe use in hemodynamically compromised, debilitated, and poisoned victims. This led us to consider ketamine.
Pharmacological Treatments
Management of SE involves initial stabilization (systemic support of airway and circulation), seizure termination, prevention of [6] and modified by others [4, 5, 90, 98, 99] . For RSE, the nature of the drugs used and their sequence of administration can differ in absence of consensus. Ketamine will be mentioned in the other recurrence, and evaluation of and treatment of the underlying cause. We will only cite here the drugs that are used for the treatment of seizures, not those involved in the overall management of the SE-induced other symptoms. Nonconvulsive SE has been under-considered for years, and no consensus emerged regarding its management (for example see [11] ). We will focus here on the convulsive forms of SE.
The "Classical" First and Second Lines Different guidelines have been published and a complete account is out of the scope of this review. Data from these guidelines are presented in Table 1 with the appropriate references, so the reader can find information on the recommended dosages. There is a general consensus over the first and second lines of treatment of SE. Compounds that either enhance GABA transmission (e.g., benzodiazepines) or block sodium channels (e.g., hydantoins) are used. Benzodiazepines are the recommended drugs for initial management. However, the type of benzodiazepines, and the available formulation, may change depending on countries. The IV route should be preferred. Except for pharmacokinetics, benzodiazepines do not really differ. Although midazolam is not licensed, at least in some countries, for the treatment of seizures, its favorable pharmacokinetics makes it considered. In children without an IV access, buccal or nasal midazolam or rectal diazepam can be used. If SE persists, second-line drugs include phenytoin, phenobarbitone, and now valproate. Newer antiepileptic drugs have also become available in some countries and are used, sometimes off-label but with success, to treat SE such as levetiracetam, lacosamide, or topiramate [1, 3, 5, 69, 90, 91] , but the real impact of these new compounds needs to be assessed [92] .
Untoward effects of the drugs should be taken into consideration (benefits/risks ratio), and the drugs that are more likely to depress respiration (e.g. barbiturates) and blood pressure should be initially avoided. Although the types of drugs are similar in different countries, the algorithm/protocols may differ as well as between institutions. Table 1 therefore gives only some examples.
Combinations of drugs are generally considered for the second line. In the specific case of NA-induced SE, similar approaches have been reported after 30-40 min of seizures: a benzodiazepine and an anticholinergic drug [93] , a triple regimen consisting of procyclidine (with anticholinergic and antiglutamatergic properties), diazepam, and pentobarbital [94, 95] , combinations with levetiracetam [96] , clonidine associated with a very high dose of atropine sulfate, with or without diazepam [97] . There are thus very few drugs, or drug combinations, able to stop NA-induced SE and/or be neuroprotective after 30-40 min of seizures (for a review see [36] ).
The Third-Line Therapies and the "anecdotal" Drugs
When SE fails to respond to these first-and second-line anticonvulsants, it is considered as refractory (RSE), but there is no consensus about the exact definition. Some consider that resistance to at least two common anticonvulsants used at the proper dose is needed [10] . Its occurrence may be close to almost half of the SE [3] .
There are currently no definitive data to guide both the optimal choice of therapy and treatment goals for RSE and therefore no consensus [98, 108] . Some authors also consider 3 lines for the treatment of RSE [109, 110] . RSE is generally treated with coma induction. Drugs for the treatment of RSE include the barbiturate phenobarbital at high dose, the benzodiazepine midazolam, or the anesthetics thiopental, or its first metabolite pentobarbital, or propofol [9, 90, 101] . Topiramate, inhaled anesthetics, etomidate, lidocaine, paraldehyde, or magnesium have also been tested in some instances [72, 90, [109] [110] [111] . The specific case of ketamine will be discussed later. Recent case series include the successful treatment of recurrent RSE with IV lacosamide as an add-on treatment, the use of combination of antiepileptics (phenytoin, levetiracetam, and pregabalin), and surgical treatments (vagal nerve and deep brain stimulation) for the control of RSE [108] .
Experimental evidence suggest that there is a progressive reduction in the number of GABA-A receptors (e.g. see [70] ). Drugs that act on these receptors (benzodiazepines, barbiturates, and propofol) will therefore be less active calling for higher doses that will enhance their untoward effects, especially hypotension, and thus for vasopressors. As explained below, the effects of ketamine on blood pressure increase its interest in the management of SE.
Ketamine, an Effective Treatment of Seizures: Experimental Evidence, Potential Positive Features, and Limitations Efficacy against Acute Effects

Efficacy in Experimental Seizure Models
The anticonvulsant potentials of antagonists of the NMDA ionotropic glutamate receptors have been recognized since the 1990s. Some work performed with MK-801 or TCP have already been cited, but reviewing the numerous publications on these antagonists is not the aim of the current article.
Ketamine antiepileptic activity has been evaluated in different experimental models where seizures are elicited by electrical stimulus or electroshock [112] [113] [114] [115] [116] [117] [118] [119] [120] , sound [121] , air emboli [122] , or injection of different chemicals, for example pentylenetetrazol, penicillin, mercaptopropionic, guanidinosuccinic or kainic acids, bicuculline, picrotoxin, NMDA, (lithium) pilocarpine or soman, or venom ( [123] [124] [125] and the references cited in Table 2 with some more details).
Its neuroprotective activity has also been sometimes evaluated either in the same experiments or separately (Table 2) . Cognitive impairments frequently accompany epileptic disorders, and it is therefore of high interest to provide protection not only against cell damage and death but also on a more integrated level against these functional deficits. NMDA antagonists are usually recognized as not being able to arrest seizures when given too early [31, 34, 126, 127] . However, even in these conditions, ketamine may still offer some functional benefits [128] . In an experimental model of SE in rats (lithium-pilocarpine), functional improve- Table 2 Antiepileptic and neuroprotective properties of ketamine in chemically induced seizures as reported in a selection of references. Two ways of administration were used: as a pretreatment (PTr) or as a treatment (Tr), usually after the SE has begun unless mentioned in the "note" column. In the column "ketamine effects", the use of EEG recording has made possible the differentiation between an actual antiepileptic effect and an anticonvulsant action. The models that are the closest to the nerve agent-induced SE are the lithium-pilocarpine and kainic acid models. The dose of ketamine is said variable when different doses were tested to establish the ED 50 , without more details. SC, IP, IV subcutaneous, intraperitoneal, and intravenous routes, respectively. Experiments using pretreatment are less significant in the context of this review, and some cited in the text are not incorporated here
Model
Animal species 
Efficacy against Nerve Agent-Induced Seizures and RSE
Because of the earlier work we performed on NMDA antagonists (TCP and GK-11) and due to the fact that GK-11 would not be clinically available, we naturally became interested in ketamine. A review of current evidences was recently published, and the details of the experiments we will mention can be found there [169] . Early attempts to evaluate ketamine during soman-induced seizures failed to find any beneficial effects of a single low dose of ketamine, injected very early after challenge [106] . As NMDA receptor antagonists usually prove more efficient when administered later in the course of seizures as already stated, new experiments were then undertaken, first in guinea pigs [81, 145] . To summarize, repeated subanesthetic doses (10 mg/kg, 6 times with 2 mg/kg atropine sulfate) could stop the seizures and provide neuroprotection and protection against lethality when the treatment was initiated after ca. 30 min of seizures. When the treatment was delayed up to 1 h of seizures, repetition of anesthetic doses (40-60 mg/kg in the guinea pig) was necessary to obtain the same results. However, these treatments could not totally suppress the recurrence of seizures the following day although these were of short duration without comparison with the period before treatment. Further delaying the treatment (2 h) led to a drastic reduction in ketamine efficacy. Comparable results were obtained with S(+) ketamine, although at doses two-to fourfold lower than those used with the racemic ketamine, hence suggesting that antagonism of glutamate on NMDA receptors is a key protective mechanism. However, this does not exclude other central mechanisms [170] . Comparable protocols (with doses adapted to mice) were used in a mouse model of soman-induced SE, and they led to similar conclusions: a subanesthetic dose regimen was efficient when given within 30 min of seizures, and anesthetic dose regimens were necessary when given within 1 h. These protocols proved able to reduce the neuropathy and the neuroinflammation that are caused by soman-induced SE [146] .
The very good results we obtained with repeated subanesthetic doses of ketamine when SE was already well developed after ca. 30 min of full-blown seizures certainly call for more work, both on the possible mechanisms of action and on possible ways to achieve seizure arrest and neuroprotection through drug combination. Repetition of the subanesthetic dose probably induce neurobiological events that are different from that observed on the study on ketamine antidepressant efficacy (see Salvadore and Singh [65] in this special issue.) when a single administration was sufficient and no changes in glutamate levels were observed in the hippocampus. Repetition of small doses also appears more neuroprotective than a single administration of an anesthetic dose [140] , although the seizure model was in this case different.
To prevent iatrogenic deaths caused by the unmonitored repetitive administration of anesthetic doses of ketamine, another protocol was used to demonstrate the neuroprotective effect of ketamine on the SE-induced changes in brain metabolism (100 mg/kg followed at one-hour intervals by two subsequent 50 mg/kg IP injections) [147] .
Six major findings were obtained from these studies: (1) ketamine, at the appropriate dose and regimen (repetition of administration), associated with a low dose of atropine and without ventilatory support, can fully protect against soman-induced lethality when given within one hour after intoxication, (2) soman-induced prolonged SE can successfully be treated within this time frame with ketamine-atropine, (3) with some exception (delayed injection of a low dose of ketamine), ketamine-atropine exerts a highly significant neuroprotective activity, even in the most challenging conditions, although not complete, (4) a similar pattern of efficacy is observed with S(+)ketamine but at doses 2-4 times lower, (5) ketamine-atropine reduce neuroinflammation and SE-induced changes in brain metabolism, and (6) the effects of more than 1 h of seizures cannot be alleviated by ketamine without the adjunction of other drugs.
Efficacy against Long-Term Consequences
Epileptogenesis after SE is a serious consequence and a neuroprotective drug should be able to limit it. The mechanisms of epileptogenesis are unfortunately not known. Although neuronal loss can play a critical role in some models or pathological conditions, especially in temporal lobe epilepsy [171, 172] , it appears not to be a sine qua non condition. A single low dose of MK-801 significantly reduced or completely protected rats from limbic damage when given after 90 min of SE induced by kainate; however, it could not prevent the development of spontaneous recurrent seizures [173] . In a rat lithium-pilocarpine model, ketamine, administered either 15 min or 120 min after the beginning of SE shortly after clonazepam, could not similarly prevent the appearance of spontaneous recurrent seizures [136] . As mentioned above, we also failed to totally prevent this to happen in our guinea pig model [81] . The data are nonetheless insufficient to draw a conclusion for ketamine [174] . SE can also induce other long-term consequences such as anxiety, memory impairments, or derangement of cognitive functions. Ketamine proved effective even when neuroprotection was not obtained histologically (e.g., [127] [128] [129] 131, 132, 140, 169] ).
Further to the positive early effects that can have ketamine, long-term benefits on general health have also been described 1 year after a lithium-pilocarpine-induced SE [139] . A single ketamine administration stopping lithium-pilocarpine-induced SE could also prevent the obesity noticed in female rats after 1 year [137, 138] .
Potential Positive Features
Ketamine displays some other properties that can be considered as beneficial in the management of SE and its consequences.
Effects on Blood Pressure
Ketamine cardiovascular effects are complex and result from several actions on different targets. The arterial blood pressure, pulse rate, and cardiac output are augmented due to an increase in sympathetic activity [48, [50] [51] [52] .
Anti-Inflammatory Effects
Neuroinflammation is currently considered as one of the mechanism that can be responsible for epileptogenesis although some experimental data suggest that it is not a sine qua non condition [175] . Ketamine is known to exert anti-inflammatory effects (for instance see review by de Kock et al. [176] in this special issue). We recently brought evidence that it could also considerably limit soman-induced neuroinflammation [146] , although this could be the result of the arrest of seizures.
Respiratory Effects
Compared with other drugs used for the treatment of SE (Table 1) , ketamine-induced respiratory depression is rare in humans but has a higher occurrence in rodents [177] . Other NMDA antagonists share this property. This side effect can be effectively prevented by muscarinic antagonists like atropine ( [29] and references therein, [31, 33, 34, 126] , unpublished observations) in conditions when the precipitating event may favor respiratory depression, during NA poisoning for instance. The increased bronchial secretions can also easily be reduced with atropine.
Potential Limitations
Reduced Efficacy During the Course of SE
As mentioned above, we showed that ketamine efficacy was considerably reduced when seizures were left unabated for more than one hour. This does not simplistically fit with an increase in NMDA receptors that has been reported [70] .
One possible way to circumvent this drawback is to, through a better understanding of the mechanisms, combine ketamine with another drug. Such a combination may not only lead to a persistent efficacy but also to a possible reduction of ketamine untoward effects owing to a reduction of dose. Relay of ketamine by another drug (another glutamate antagonist like memantine to replace oral ketamine used in some clinical cases?) is also to be considered to prevent both the administration of ketamine for an extended period and the recurrence of seizures.
It is indeed not expected that a single "magic bullet" would be available. Success will certainly be achieved by a combination of drugs, either given simultaneously or at different times, and/or by multifunctional drugs. Among the drugs that may be used are benzodiazepines, other conventional anticonvulsant drugs, propofol, central alpha 2 agonists, other NMDA antagonists, or antagonists of other glutamate receptors, drugs modifying calcium concentrations, or drugs acting on neuroinflammation.
As already mentioned, in the specific case of NA, atropine should be part of the therapy and might well enhance ketamine efficacy [178] [179] [180] [181] . Several anticholinergics, used to treat Parkinson disease, are also able to antagonize the effects of glutamate on its NMDA receptors [182] , viz. trihexyphenidyl, biperiden, caramiphen, procyclidine, and benactizine. These compounds have been extensively studied in experimental soman poisoning, and they possess interesting protective properties either as pretreatments or in the early phase of soman-induced SE (for a recent review, see [85] ). What benefits these dual-activity drugs would bring in this case, as follow-up treatment after a treatment with ketamine, remain hypothetical.
Benzodiazepines
The combination of ketamine with midazolam can clinically be extremely useful and safe for sedation and pain relief in intensive care patients, especially during sepsis and cardiovascular instability. Benzodiazepines are also clinically used in conjunction with ketamine to prevent its psychotomimetic side effects.
In our study in soman-poisoned guinea pigs, the preliminary results obtained when ketamine-atropine was combined with midazolam, suggested an increased protection, especially when drugs were administered after almost 2 h of seizures, that is, when protection afforded by ketamine-atropine was reduced. The 3-drug combination significantly reduced the time to seizure suppression and tended to reduce brain damage [81] . Interestingly, a combination of low-dose ketamine and diazepam was also evaluated and proved neuroprotective when given 30 min (LA Lumley, TM Myers, JH McDonough, MC Moffett, MD Furtado, MF Stone, WZ Lumeh, MK Schultz, JE Schwartz, DL Yourick, unpublished) or 40 min after soman [183] . A synergistic action of diazepam and ketamine was also demonstrated in the kainate model [133] or in the lithium-pilocarpine model of SE in presence of a pretreatment by scopolamine [141] . Similar results were obtained with polymedications [184] . It would certainly be interesting to pursue along this line of experiments despite one report indicating the lack of interaction between ketamine and benzodiazepines for the anticonvulsant efficacy [185] .
Conventional Antiepileptic Drugs
Little is known on the possible effects of combinations of ketamine with antiepileptic drugs. In a model of kindled seizures in rats, a potentiation of the effect of carbamazepine or valproate by ketamine was observed [119, 120] . Given the possible use of valproate to treat SE, this combination might be valuable.
Propofol
Ketamine and propofol have positive additive interactions. The rationale for such a combination in anesthesia will not be developed here. Propofol was found devoid of any anticonvulsant properties in soman-poisoned guinea pigs; unfortunately, details are lacking on the test conditions [107] . This type of combination might offer advantages during hospital treatment of RSE.
Central Alpha-2 Agonists
Ketamine is sometimes used in combination with clonidine to limit some of its side effects (e.g., [186] ). A combination of clonidine with a high dose of atropine had beneficial effects as a treatment of soman-induced seizures [97] . These interesting data should promote further work on the triple combination, either with clonidine or with the new potent agonist dexmedetomidine [187], presently in clinical use in some countries. Doses to be used and protocols will require in-depth evaluations. Indeed, during SE, cerebral auto-regulation may be impaired, and therefore, any fast and important hypotension like that provoked by clonidine should be avoided to prevent any major drop in cerebral perfusion.
Other NMDA Antagonists
The only other NMDA antagonist currently licensed and marketed in several countries is memantine, an uncompetitive NMDA receptor antagonist. It has been tested for its anticonvulsant effects against soman-induced seizures without much success [106] contradicting an earlier work [188] . However, neither study addressed possible neuroprotective effects independent of antiseizure activity. Memantine being well tolerated, not inducing neurotoxicity at therapeutic dosages and recently approved for clinical use in several countries [189] , it is certainly a drug that merits further investigations, either as an early adjunct or as a relay to ketamine. More recently, it has also been tested in combination with an antagonist of the cannabinoid receptor CB-1 [190] , these receptors being other potential interesting targets owing to their interaction with NMDA receptors.
Antagonists of other Glutamate Receptors
For soman-induced seizures, the sequential role of AMPA then NMDA receptors in seizures maintenance and seizure-related brain damage has only been suggested using pharmacological tools, such as the competitive AMPA antagonist NBQX and TCP [191, 192] , and the hypothesis that AMPA receptors are no longer important players during soman-induced SSSE/RSE is not supported by any published experiment. A novel water-soluble AMPA antagonist, NS1209, was recently reported to be able to discontinue SE in adult rats, whether it was induced by electrical stimulation of the amygdala or by subcutaneous administration of kainic acid. Interestingly, it was still efficacious 120 and 180 min after the beginning of SE [193] and was neuroprotective [194] . Other AMPA antagonists are being evaluated either experimentally [195, 196] or clinically such as talampanel [197] . Among the current antiepileptic drug, topiramate is described as being able to block AMPA receptors and has been used to treat RSE as an addon molecule [198] .
Antagonists of kainate receptors that contain the GluK1 (formerly known as GluR5) subunit (GluK1Rs) are emerging as a new potential treatment of SE and epilepsy. One of them, LY293558, recently proved to be effective when given after one hour of soman-induced seizures [199] . An antagonist of the metabotropic glutamate receptor mGluR5 was shown to control lithium-pilocarpine SE in combination with low doses of MK-801 and diazepam [200] . It would certainly be interesting to evaluate these new compounds in combination with ketamine during SE/RSE/SSSE.
Drugs Modifying Calcium Concentrations
Different types of calcium blockers have been tested in soman poisoning in the past with various successes; combination with atropine sometimes increased their efficacy (references cited in [201] ). Flunarizine combined with atropine and diazepam, given prior to soman, exerted some protective effect [201] . Although these treatment conditions are not relevant in the present discussion, it is worth citing work showing that a combination of MK-801 and nimodipine was still neuroprotective even when given 2 h after NMDA application [202] . A new calcium blocker also exerted some efficacy against kainate-induced seizures [203] . Recent studies have also demonstrated that calcium dynamics was changed for a long period following SE [204, 205] making it an attractive target for disease-modifying drugs, although the relevant targets need to be determined [206] . Verapamil has been recently reported to be useful in the treatment of RSE although the mechanism involved might be different from purely that of a calcium blocker [207] . Other targets have been identified and tested in different experimental models of seizures, such as the sodium-calcium exchanger [208] . Drugs targeting other types of ion channels can also be considered, but the presentation of the role of these channels in SE and its consequences is certainly beyond the scope of this review.
Drugs Acting on Neuroinflammation
The potential roles of neuroinflammation in neuronal damage or epileptogenesis being still unresolved, it is difficult to clearly determine what kind of treatment would be of interest and, most of all, when it should be applied. We already mentioned the effects of ketamine on (neuro)inflammation, and this clearly needs more insights. Bifunctional compounds with both anti-inflammatory and anti-cholinesterase activity were tested but only as pretreatment in the case of NA poisoning [209] . Their utility during NAinduced SE is unknown. Anti-inflammatory drugs may be beneficial, not as adjunct therapy to treat SE, but to prevent some of its consequences (e.g., [210, 211] ).
Untoward Effects
The drawbacks of ketamine, often cited, are increased salivation, intraocular and intracranial pressures, and hallucinations on awakening. Although the short duration of ketamine effects is a desirable property in prehospital settings, this may be a disadvantage to manage SE during medical evacuation and in hospital.
Increase in ICP
The increase in ICP, that ketamine has repeatedly been reported to produce, does not appear to be clinically relevant under certain conditions, for example, in patients with normocapnia and a stable blood pressure [212] . It is now well recognized in clinical practice that ketamine can safely be used in neurologically impaired patients under conditions of controlled ventilation and co-administration of a GABA-A receptor agonist ( [213, 214] , see also [215] in this special issue). Nevertheless, this potential effect is still often mentioned and held against ketamine (e.g., [10] ). It is worth noting that these conditions, especially normocapnia, may not be met in NA-poisoned individuals in prehospital settings. Some of our unpublished results obtained in a rat model of soman-induced seizures suggest no deleterious effects (G Testylier, K Billon, F Dorandeu, in preparation).
Experimental Neurotoxicity
Alarm was sparked by the work of Olney et al. in 1989 showing that ketamine, like other NMDA antagonists, could cause toxic changes in the rat brain; these are characterized by lesions in some cortical areas (layers III and IV of retrosplenial and cingular cortex) [216] , which are thought to be responsible brain regions for their psychotomimetic activity in humans. Neuronal vacuolization is often transient for low doses of antagonists but may evolve to cell necrosis for longer exposures [216, 217] . Lesions have well been described in animals [218] . The neurotoxic properties of ketamine seem restricted to the very young individuals (for instance see Wang et al. [219] in this special issue). It is very important to stress that two decades later, there are still no published studies showing that these changes can be produced in adult monkeys or humans. This kind of neurotoxicity is mostly reported with MK-801 but is shared with the other antagonists in an order similar to that of their potency as antagonists of NMDA receptors (MK-801 > TCP > ketamine). The low affinity of ketamine for NMDA receptors, along with a shorter duration of action compared with that of other antagonists, explain why it only exerts mild neurotoxic properties, not reported during usual clinical use at regular dose regimens. Excluded from this discussion are reports showing signs of direct toxicity after intrathecal administration. Experimentally, ketamine neurotoxicity also appeared when it was used in combination with nitrous oxide for instance [220] in young, female animals [221] , a known fact also for other antagonists. Because NMDA antagonists like ketamine produce transient dissociative states and alters cognitive functioning in healthy humans, they represent an interesting model for psychiatrists wishing to study schizophrenia. It is beyond the scope of this review to mention all the papers or review articles published on the subject, and the reader is invited to see Kocsis et al. [222] in this special issue.
Although these experimental facts need to be kept in mind, in the conditions we are discussing, unabated prolonged seizures and high chances of death, the relative risks versus benefits need to be weighed. The benefits of the treatment currently seem to outweigh the potential risks.
Ketamine, an Effective Treatment of Seizures: Clinical Evidence
Reports on Clinical Use
Not long after its introduction as a drug for human use (1965), some authors described ketamine-induced modifications of the EEG in different animal species and considered them as being epileptic fits based on the aspect of the patterns [223, 224] . Several authors also quickly provided results that suggested that ketamine might facilitate the outburst of epileptic fits in predisposed patients [225] [226] [227] [228] . Some experimental data [122, [229] [230] [231] and subsequent clinical observations [232] reached similar conclusions. However, the first clinical observations have not always been confirmed [233, 234] , and a wealth of experimental evidence favors an antiepileptic action (Table 2) . It is still considered to potentially be able to facilitate seizures at low doses, not at doses that will produce sedation or anesthesia [72] . It is worth mentioning that other anesthetics share this property although the true incidence of seizures caused by general anesthetics is unknown [72, 235] .
GCSE is a life-threatening disorder with a very poor outcome if it does not respond to the first two drugs. A moderate amount of dose-dependent toxicity (e.g., sleepiness, ataxia, and confusion) is therefore a small price to pay for stopping the seizures [6] . Despite this fact and the accumulating evidences of antiepileptic and neuroprotective efficacy, ketamine is usually not prescribed to treat seizures or SE in the first stages and is often absent of recommendations or of the reviews [111, 236, 237] , the published doses are erroneous (e.g., anesthetic dose cited is for rodents [9] , or the potential effects on ICP are still cited (e.g. [10] ), (see Table 1 ). However, ketamine is now regularly proposed by some authors as a possible third-line treatment of RSE [6, 9, 90, 99, 108] . So the question is not really whether ketamine should be used but whether it should be used much earlier in the management of SE.
The number of reported treated cases is limited and with variable outcomes [238] [239] [240] [241] [242] [243] . In the last 10 years, some more clinical experiences have been published: cases of prolonged RSE refractory to standard epileptic drugs including barbiturates, in adults or children [244] [245] [246] [247] , cases of NCSE, with administration either IV [248] or orally in children [249] , or starting IV and continuing with oral administration [250] . The case published by Kramer [248] is particularly interesting in that ketamine was administered within hours of the diagnosis of SE. In all those cases, the diversity of SE etiology, of ages, dosage and concurrent treatments makes comparisons difficult.
Some Positive Features
Ketamine differs in several aspects from other anesthetics. Skeletal muscle tone is maintained or increased during ketamine anesthesia; even respiratory muscles are affected and ketamine increases diaphragmatic contraction. Ketamine produces an important ventilatory stimulation, with an increase in minute ventilation and stable SaO2 during spontaneous breathing, due to the absence of atelectasis and shunt. The hypoxic and hypercarbic driving stimuli of respiration are not seriously affected so that the breathing patient will continue to ventilate spontaneously. Pharyngeal and laryngeal reflexes are retained and, while the cough reflex is depressed, airway obstruction does not occur. Ketamine induces unconsciousness long enough to achieve airway control. It is also a potent bronchodilator that relaxes airway smooth muscle. As already mentioned the arterial blood pressure, pulse rate and cardiac output are augmented due to an increase in sympathetic activity [48, [50] [51] [52] .
Conversely, agents that may be used to control SSSE/RSE possess severe drawbacks: thiopentone may decompensate the hypovolemic injured patient and may depress residual ventilatory drive; propofol might cause a drop in blood pressure by decreasing both cardiac output and peripheral vascular resistance; etomidate depresses respiratory drive in addition to inhibiting adrenal steroid production; and benzodiazepines depress ventilation without providing adequate sedation for intubation [50] . Ketamine properties on peripheral (see de Kock et al. [176] in this special issue) or neuroinflammation [146] are also worth remembering.
Some Negative Features
We will not repeat here the list of adverse effects above mentioned but will consider two points that could be negative features in the perspective of treating SE: one is the possible tachyphylaxis for which we have only one case report [241] and no other relevant experimental data, the other being neurotoxicity.
The potential neurotoxicity of ketamine in infants or children is a highly controversial matter, and many papers have been published on the subject. However, it is worth noting that ketamine continues to be used in pediatric patients and that when ketamine was used to treat SE in these age groups, no adverse effects were noted (see above and [251] for instance). As very interestingly pointed out by Bhutta [252] , the preclinical studies performed, especially those in rodents, should be analyzed with care in order to extrapolate the results to clinical situations.
Another frequent puzzling statement found in many reviews is the neurotoxicity in adults. It is indeed questionable to disregard many preclinical and clinical studies and potentially rule out a drug based on a single clinical case, the only one to be cited [253] , and on the assumption that the central damage observed could be caused by ketamine. Indeed, the patient was treated for neurosyphilis and underwent 4 days of treatment with lorazepam, phenytoin, and valproic acid before the initiation of ketamine, leaving the door open for a great deal of possible explanations. This is especially puzzling when other drugs with well-demonstrated adverse effects are used without much questioning. Propofol for instance remains the first-line IV anesthetic agents for RSE in many centers despite complications such as hypotension or pneumonia (propofol-related systemic complications were recently identified in 17 out of 27 episodes of RSE) or the occurrence of the rare propofol infusion syndrome (PRIS) that may carry a mortality rate of 30%. Side effects of barbiturate therapy include hemodynamic instability, leading to distributive shock, immunosuppression, and reduced gastrointestinal motility [254, 255] .
Despite this lack of evidence of neurotoxicity in adults, case reports appeared in the literature suggesting that ketamine may potentially cause long-term psychological effects. For instance, the US Air Force established a policy prohibiting the use of ketamine in flyers and personnel whose duties involve the handling of nuclear weapons in 1988. In a review published in 1994, Hersack analyzed the facts and concluded "after 25 years of clinical experience with ketamine, fewer than 10 cases document the occurrence of delayed psychological effects potentially attributable to that drug" [256] . The US Army medical corps has not totally banned ketamine [257] .
For a Wider Use of Ketamine in the Treatment of SE: What Do We Need More?
To promote the use of ketamine for the treatment of SE, a RCT (controlled double blind trial preferably) would be highly recommended. However, there are many reasons explaining the absence of such trials, briefly the difficulty to obtain an informed consent, the emergency nature of SE with other treatments initiated outside the hospital, unfavorable cost/benefits ratio for a pharmaceutical company, and the number of patients to enroll in order to demonstrate superiority over current treatments [3] . None is anticipated for ketamine. An illustration is also given by the early termination of the first RCT of RSE that compared propofol with barbiturates due to low recruitment [108] .
Therefore, clinicians will have to rely on robust preclinical studies and some more clinical cases. It is hard to define what could be robust preclinical studies, but among the characteristics, we can cite relevant animal models for SE (there is clearly no consensus for the most used murine models; non-human primates should be used in the very last steps) and thorough studies of the dose-effect relationship (effect on seizures, neuropathy, and long-term neurological consequences) and regimens (different timings, several doses, several types of administration, several durations) in coherence with clinical scenarios (appropriate dose conversion between animals and humans).
Research should also continue both on the neurochemical mechanisms involved in SSSE/RSE (regional, cellular, and molecular targets) and on the therapeutic avenues. Several very important issues will need to be addressed as there is still for instance little evidence to clearly determine the optimal duration of treatment not only to stop seizures and their immediate recurrence but also to prevent neurological deterioration in the following months:
• Why does ketamine seem to lose its efficacy beyond 60 min at least in the model of nerve agent-induced SE? For this specific indication, an increase of the time window is crucial as 60-90 min is a very short time on the field and adequate medical care may not be available before.
• Is there a relationship between brain concentrations of ketamine and its protective efficacy?
• What are the nature and temporal dynamics of the cellular and molecular events that the administration of ketamine could trigger in seizure-relevant brain structures? Or what are the exact protective mechanisms involved in ketamine efficacy?
• How long should we keep ketamine treatment on without severe adverse effects or tachyphylaxis [241] and what are the neurological consequences of long treatment with ketamine? A correlate is what is a "long" treatment?
• Can a low dose of ketamine restore the efficacy of benzodiazepines and what is this low dose?
• Are there drugs that could be added to provide greater efficacy after 2 h of seizures without increased toxicity? Or what are the best two-drug combinations that would allow full efficacy with reduced dosage of ketamine for a better acceptance?
• Can we effectively prevent epileptogenesis and other longterm cognitive deficits? Or is ketamine (or ketamine combination) a disease-modifying therapy?
Conclusions
When talking of ketamine, the medical community seems strangely divided into strong believers and ardent and vocal nonbelievers. Moderate opinions appear less common.
Ketamine possesses a wide range of positive assets to become a more traditional way of treating SE. Numerous questions remain, and in absence of RCT, the medical community will have to rely mostly on preclinical studies. The long list of unanswered questions will require extensive research, and this will be best achieved by cross talks between the research communities interested in epileptic seizures and SE on one hand and in nerve agent poisoning on the other hand.
Meanwhile, on a practical ground, we could conclude the following:
• The use of ketamine to treat single seizures is probably not an option that should be considered owing to the existence of well-tolerated and effective therapeutic drugs (benzodiazepines).
• Despite the absence of clinical trials, consider the use of ketamine much earlier in the course of SE. As presented in this review, there are preclinical (e.g., [132] ) as well as clinical [248] arguments in favor of a quicker use of ketamine.
Subanesthetic doses may indeed be sufficient to stop early SE (within 30 min of seizures), even lowered by combinations with benzodiazepines for instance, enhancing therefore the acceptance of ketamine. For infants and children, owing to the possibility of some neurotoxicity, and despite several successful treatment without adverse effects, it may be wise, until more data are available, to keep ketamine as a treatment of RSE.
